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In the case of optical sensors such as the Surface Plasmon Resonance
(SPR) sensor, the FesO4 nanoparticles play a role to boost the signal
however they can increase the detection sensitivity of the biosensor.
For this application, the optical properties of FesO4 nanoparticles
need to be studied. The optical properties are described in terms of
their optical constants. Therefore, this work was purposed to study
the effect of the particle size and lattice strain on the optical constants
of FesOs nanoparticles. Samples were synthesized by using the
coprecipitation technique. Two calcination temperatures, i.e., 150°C
and 250°C for 4 hours were applied to the samples. Samples were
characterized for their diffraction pattern and optical properties by
using XRD and Specular UV-Vis Spectroscopy technique,
consecutively. The particle size and lattice strain were estimated by
using the Williamson-Hall (W-H) method. The effect of the particle
size and their optical constants on the reflectance curve in the SPR
sensor application was also performed toward a simulation by using
Winspall 3.02 software. The results show that calcination
temperature causes an increase in particle size and a decrease in
lattice strain. The optical constants, such as absorbance (A),
absorption coefficient (a), extinction coefficient (k), refractive index
(n), dielectric constants (), optical conductivity (o), and the Urbach
energy (Eu) significantly depended on particles size and lattice
strain. However, the particle size and optical constant were
significantly influent the SPR angle in the reflectance curve of Fe3Oa.

Copyright © 2021 IPR. All rights reserved.

Introduction

Up to this time, various types of ferroic material are still massively being studied by
researchers due to their fascinating physical and chemical properties. Among those
materials, Fe;O4 gets tremendous attention due to its unique structural properties. The Fe3O4
nanoparticle has a cubic inverse spinel structure [1]. The structure has two different
crystallographic sites, e.g., tetrahedral and octahedral oxygen coordination sites. These sites
are occupied by divalent and three valent metal cations (Fe?* and Fe3*). The Fe?* cations
occupy octahedral sites, while Fe3* cations fully occupy tetrahedral sites and some also in
octahedral [2]. The distribution of cations between these sites and their exchange interaction
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provide superior optical, electrical, electronic, and magnetic properties. Since, those
properties allow the FesO, having numerous potential applications, for instant complex
targeted drug delivery and boron-neutron capture therapy [3], cancer drug loader [4], drug
vehicle for central nervous system treatment [5], magnetic particle imaging (IMP) in the
magnetic resonance imaging (MRI) system [6], adsorbent for heavy metals [7,8],
antimicrobial and photocatalyst material [9], electromagnetic wave absorber [10], coating
materials for the anode of the Li-ion battery [11], and nanotag in biosensors [12-15]. In short,
the properties of the FesOy strongly depend on their structure. Moreover, in nanoscale, the
quantum confinement effect also occurs. The properties of Fe;Oy4 also depend on the size of
the particles.

The size of the nanoparticle can be controlled via the preparation of samples. Sample of
FesO4 nanoparticles can be prepared using “top-down” and “bottom-up” approaches. The
top-down approach includes photolithography, high-energy-ball milling, and grinding [16].
Meanwhile, the bottom-up approach includes pyrolysis [6], microemulsion [17],
hydrothermal and solvothermal [1,18], thermal decomposition, sol-gel [14], solid-state
reaction, sonochemical auto combustion, microwave-assisted synthesis [19], chemical
coprecipitation [20,21], and biosynthesis [6]. Among those methods, chemical coprecipitation
has been used extensively due to its simple procedure, the efficiency of energy usage, not
time-consuming, doesn’t need additional chemical reagents, except hydroxide compound (as
co-precipitator) and hydrochloric acid (as oxydator), and having high yield so that it is very
beneficial for industrial-scale production. However, this method has some drawbacks, i.e.,
wide range distribution of the particle size, smaller particle size which allows them to
experience agglomeration after synthesis, low crystallinity due to low ordered crystallites,
non-homogenous shape, low dispersibility of the particles in a solvent, such water, and
probably the sample consists of extra phases likes hematite and maghemite [5,6,16,17].
Moreover, since the particle size of the Fe;Os nanoparticles depends on the preparation
method, then any synthesis parameters, such as reaction temperature, precursor types and
concentrations, pH, and reaction rate should be controlled [6,16,17,22]. Additionally, extra
treatment to the synthesized nanoparticles such as calcination is also able to be given.

In this work, we focus on the study of particle size and lattice strain effect on the optical
constants of FesO4 nanoparticles.

According to the literature review, the lack of papers provided a comprehensive discussion
about the optical properties of the Fe;Oy related to their application in surface plasmon
resonance (SPR) based sensor. Some papers only provided part by a part discussion
concerning to one or some optical properties (see Table 1). Any physical information about
the optical properties of Fe;O; in terms of the nanoscale point of view is really important.
Therefore, this work is purposed to provide a comprehensive and deeper discussion about
those optical constants. The optical constants are very urgent for their application in an
optical sensor system, for instant SPR-based sensor. Furthermore, this work also provides
brief simulation results about the application of FesO4 nanoparticles as a dielectric layer in
the SPR-sensor system.
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Table 1. Literatures related to the synthesis and characterization of the optical properties of Fe;O..

Type of Type of Synthesis Syn;hes:s Extra Pari;z.cle Optical R
Materials Precursors Method emnp. Treatment 1z¢ Properties o
0 (nm)
Metal nitrate
Facile . Optical ga
Fe304 (Fe(NOs)2 9H:0) microwave . Calcinationat 20-35 enIe)rgy (;g.OISJ [19]
& fuel urea combustion 500°C eV-212eV)
(CO(NHy)2) '
Reflux Annealing at
FesO4 EFt izsl(e);z gfocﬁ under N- 50  3000C,400°C, 20-25  Absorbance [23]
Y Y atmosphere and 500C
Fe304 Absorbance,
incorpora Optical energy
-ted in Annealine at band gap (2.1
the Er3+ Ironsand Dry Milling - 30%0 C 18-70 eV-33eV), & [24]
doped Urbach energy
tellurite (0.16 eV - 0.30
glasses eV)
Ferrous chloride Absorbance &
hexahydrate Coprecipita Annealing at 11.3 - Optical ga
Fe;0s (FeCL6H,0) & — PreC'P 80 & ' ptcalgap g
Ferric chloride -tion 2300C 359 energy (0.53
eV-3.32eV)
(FeCl3,6Hzo)
Transmittance,
Reflection,
Refractive
. index, Optical
Fe;0s4 (Fe (Il\égj)zglgjg): Chemical 75 - 5161?122 gap energy, [26]
Optical
conductivity,
& Extinction
coefficient
Addition of
. organic
Ferrﬁ:jac}?lgiﬁz mogiﬁer Absorbance &
FesO, (FeCl, 61-31720) & Coprep%ta- 55 (PVP, sodium 29- Optical gap [27]
. 4 tion citrate, tartaric 12.2 energy (2.51
Ferric chloride acid, ethylene W3
(FeCl3.6H20) ’ glycol & ‘
dextrin)
Ferrous chloride
tetrahydrate
(FeC12.4H20),
Ferric chloride . Dielectric
FesOu/PV hexahydrate Coprec1plta 90 6.69 - constant &  [28]
P (FeCli6H,0), & tion 877 Conductivity
Polyvinylpyrroli-
done (PVP)
(CsHoNO)n,
Coprecipita Calcination at 14.84 - Absorbance &
Fe30O4 Iron sand . 80  150°C & 250°C Optical gap  [29]
-tion 24.90
for 2 - 4 hours energy
Metal nitrate Thermal Magnheto-
Fe30s/ Ag (Fe(NOs)39H,0)  decomposi- 240 - 82-90 é; tical [30]
& AgNO; tion p
Fe3O4 Ferrous chloride = Coprecipita 90 - 10.70-  Absorbance & [31]
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Synthesis Particle

Type of Type o Synthesis Extra . Optical
Mai,eprials Prectyu"’sorg yMethod Temp. Treatment Size Prop;:zrties Ref.
0 (nm)

tetrahydrate  -tion under 30.43 Optical gap
(FeCl2.4H,0), N> gases energy (1.47
Ferric chloride bubbling eV-184eV)

hexahydrate

(FeCls.6H,0), &

NH,OH

Theory and Calculation

Williamson-Hall Method for Estimation Particle Size and Lattice Strain:

Williamson-Hall method or well-known as the W-H method is a method for estimating the
particle size and lattice strain of the nanoscale particle (crystalline materials) according to
the diffraction pattern. Accordingly, the diffraction peak broadening of the nanoscale
particle is not only attributed to particle size but also lattice strain and defect [32-37].
Therefore, the contribution of the strain-induced deformation broadening on the diffraction
peak has also needed to be considered. Hence, the total integral breadth of a Bragg peak or
FWHM (full width at half maximum) is the addition between peak width due to strain fstain
and particle size fsiz., such as represented by (1),

,Bhkl = ﬁsize + ,Bstmin 1)
Peak broadening due to particle size can be determined from the Scherrer equation such as
(2), a

ﬁszze - tCOS Hhkl (2)
where k is a shape factor (0.89 for nearly spherical particle), A is an X-ray wavelength
(0.15405980 nm), t is particle size (nm), and Ouq is the diffraction angle of the corresponding
peak with a plane (hkl) [35]. Meanwhile, peak broadening due to lattice strain can be
determined by using (3),

,Bstmin = 8(4 tanehkl ) 3)

where ¢ is the lattice strain [35].
Therefore, the Willamson-Hall equation can be rewritten as follows,

kA
P =———+e(4tanbjy ) (4)
tcosf hkl
or by doing a little mathematical manipulation, so (4) can be expressed as,
kA :
B cos O ===+ &(4sinby ) ®)

This equation represents a uniform deformation model (UDM), in which the crystalline
material is assumed to be isotropic and the strain uniformly distributed in all directions of
the crystal.

By plotting sin Ouu (x-axis) versus Pu cos O (y-axis) for all investigated diffraction peaks, so
the average particle size and the lattice strain can be estimated by the y-intercept
extrapolation and the slope of the linear fitting line, as follow,

o kA
y - intercept

(6)
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slope
= 7

Optical Properties of Nanoparticles:

The optical properties of nanoparticles are determined by how the interaction between
electromagnetic waves (light) and the nanoparticles. When a light beam interacts with
nanoparticles, so some optical phenomena might occurred, e.g., reflection, propagation, and
transmission (see Figure 1). Some of the light beams will be reflected from the surface of the
nanoparticles, while the rest enters the nanoparticles and propagates through them. The
propagated light through the nanoparticles might be reflected again by their back surface. If
during the propagation through nanoparticles, the frequency of the light beam is resonant
with transition frequencies of atoms, so the light beam experiences absorption phenomenon.
In this case, the light beam will be attenuated as it progresses [38].

y 4
Transmitted
Incident light ugh light
— —_—
— h
Reflected light y
X

Figure 1. [llustration of the interaction between light and nanoparticle.

The absorption of light by nanoparticles can be quantified in terms of the absorbance (A).
This is sometimes called the optical density (OD). Mathematically, the absorbance can be
represented as follows [38],

A= —10g10 (@j =0.434al (8)
0

where I(]) is the intensity of light being propagated, I, is the initial intensity of light, I is the
path length, and a is the absorption coefficient. This coefficient is defined as the fraction of
the power absorbed in the unit of length of the medium [38].
The propagation of a light beam through the nanoparticles depends on their refractive
index. The refracted index of nanoparticles depends on the frequency of the light beam. This
is called dispersion relation. Since, the refractive index can be represented mathematically
by a complex number, such as

n=n+ik )
where n represents the real refractive index and x represents the extinction coefficient. As
mentioned, the extinction coefficient is associated with the absorption of a light beam by the
nanoparticles so that the light beam decreases its amplitude. Therefore, the extinction
coefficient is linearly proportional to the absorption coefficient [39], as follows
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a\

K=—

4

The refractive index 71 has a mathematical relation to the dielectric constant € . By using

Maxwell’s equations, it is very easy to derive the relation between those constants, as
follows,

(10)

=A% (11)
For n is complex than ¢ also complex, so that the dielectric constant will be [38],

£ =g, +ig; (12)
According to (9), so the real and imaginary part of the dielectric constant can be calculated
by using the following equations,

& = n? —x? (13)

g =2nxk (14)
The dissipation factor of the nanoparticles can be calculated by using those dielectric
constants through the following equation [39],

tans = & (15)
87’

When the nanoparticles interacted with a photon, so the nanoparticles would perform their
photoconductive property. The property can be quantified in terms of optical conductivity
as follows [39],

g, —anc

P 4

where c represents the light velocity (3.0 x 108 m/s).
The optical properties of nanoparticles are strongly correlated with the symmetry of the
lattice [40]. In case, optically isotropic crystalline nanoparticles, such as FesOs has cubic
symmetry. Therefore, the optical constants along all crystal directions have the same value.
For instant, the refractive index and dielectric constant are not varied according to the
vibration direction of the light beam. Accordingly, any type of lattice distortion or structural
disorder can influent the optical properties of the nanoparticles, such as the formation of a
localized state between the valence band and the conduction band. The energy associated
with this state is well-known as Urbach energy (E.). This energy is estimated toward a plot
between In a (absorption coefficient) and photon energy hv according to the following
equation [39],

(16)

a=a, exp(hV E ) 17)
u
where h is Planck’s constant (6.67 x 103 Js) and v is photon frequency (Hz).

Surface Plasmon Resonance Based Sensor:

Generally, the surface plasmon resonance-based sensor has the most popular metal-
dielectric configurations on the ATR method, e.g., Otto and Kretschmann configurations.
On the Kretschmann’s configuration, the metal layer (e.g., gold and silver) with a
premittivity constant g, and thickness t is employed onto the prism’s surface with a

permittivity of €, and refractive index 7i,. Meanwhile, on the Otto’s configuration, the

metal layer must be separated from the prism’s surface by using a spacer layer. For
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multilayer structure, the metal surface can be coupled by dielectric-metal layer such as
Fe304 nanoparticles with permittivity constant of g; (€7 <) [41].

In both configurations, the incident p-polarized light beam from the polarizer is shone to the
prism’s surface. This light beam is reflected at the interface between the prism’s surface and
the metal layer. The reflected light will be captured by the photodetector. During reflection,
a part of the light beam will be reflected in the prism and a part is propagated in the metal
in the form of an inhomogeneous wave called an evanescent wave (propagation constant of

Es )- This wave will penetrate through the metal and excite a surface plasmon wave (SPW -

propagation constant of IESPW) on the interface between metal and a dielectric layer (the
Fes;O4 layer). The SPW propagation constant can be calculated by the following equation,

7
kspw = ko | == (18)
En T &4

where EO is the propagation constant of the incident light. The resonance occurs when the

propagation constant of the evanescent wave is equal to the propagation constant of the
SPW, as follows,

(19)

ﬁp sin BSPR = (20)
Moreover, the resonance angle satisfies,
HSPR = SiI’l_1 (21)

for 71, =n,[41]. The resonance angle (SPR-angle) depends on the refractive index of the

dielectric layer.

Experimental Method
Materials and Reagents:

The main material used to prepare the FesO, samples was iron sand. Iron sand was taken
from Wari Ino Beach Halmahera Utara. This material is the source for supplying Fe element.
In another hand, the reagents e.g., HCI (Sigma Aldrich) and NaOH (Sigma Aldrich) were
used as oxydator and co-precipitator. Distilled water was used as a solvent for the chemical
synthesis.

Preparation of the Fe;O4 Samples:

The Fe3;O, nanoparticles were prepared using the chemical coprecipitation method.
Systematically, a complete procedure has been depicted in Figure 2. There are two stages to
this preparation. First, preparation of FeCls; and FeCl, solutions. As mentioned, the iron
sand was the source for the Fe element. Iron sand of 2 grams was dissolved in 20 mL HCI
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(37%) at room temperature while stirred at a constant rate of 500 rpm for 10 minutes. A high
mixing rate was purposed to effectively extract the Fe element and react with HCI to
provide FeCls and FeCl, solutions. Both FeCls; and FeCl> would be produced simultaneously
(called a FeCl solution). This solution has a strong yellow color. The solution of 20 ml was
separated from the rough sand by using Whatman filter paper.

4 " 3 a
( (FeCl, & FeCly), |

Iron sand + HCl,,,, (37%)

Iron sand i
SV N :f -»
’ OF= (FeCl, & FeCly ),

Fe;0, ‘

——(NaOH),,
~—1 3IM

Nanoparticles
* ....
.: » .... « H s

Sa®

Calcined Fe;0,

Nanoparticles

Calcination stage
\_ Temp. 150°C & 250°C; t: 240 min Coprecipitation )

Figure 2. [lustration of the preparation procedure for Fe;O, nanoparticles.

Second, the preparation of Fe;Os powder. The NaOH solution of 3M was prepared. The
solution was stirred at a constant rate of 500 rpm while heated up to the temperature of
80°C. This temperature was maintained constantly.

After the temperature was 80°C, the FeCl solution was dropped constantly into the NaOH
solution. Make sure that the process was conducted in an isolated system (the beaker was
closed up, only a small hole available for the pipette). After dropping, the hole was closed.
The solution was stirred at this temperature for about 60 minutes since the first dropping.
After the coprecipitation stage finished, the temperature was lowered to 30°C. Please, wait
for the solution to experienced thermal equilibrium at this temperature. The slurry of
nanoparticles will be separated with the solvent due to magnetic and gravitational forces.
The slurry was rinsed five times by using distilled water. The slurry was filtered and heated
up to the temperature of 100°C in the oven. The heating process was conducted for 4 hours
at that constant temperature. This process provided black chips of Fe;Os. These chips were
ground to produce a smooth powder of Fe;O4 nanoparticles. Finally, the powder of Fe;O,
nanoparticles was calcined in an oven at temperatures of 150°C and 250°C for 4 hours.
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Characterization of the Fe;O4 Samples:

The prepared powder of Fe;O4 nanoparticles was characterized by powder X-ray diffraction
(XRD) and Specular Reflectance UV-Visible spectroscopy techniques. The diffraction
patterns of samples were recorded by using PanAnalytical-Expert Pro X-ray diffractometer
equipped CuKa anode (Acuka = 1.5405980 A) with a scan step size of 0.02¢. The absorbance
spectra of samples were recorded by wusing Pharmaspec UV-Vis 1700 series
spectrophotometer with a scan step size of the wavelength of 1 nm.

Result and Discussion
X-Ray Diffraction Patterns and the Structural Properties:

The diffraction patterns of Fe;O4 are depicted in Figure 3a. The patterns show that the Fe;O,
nanoparticles are polycrystalline materials in nature. They are indicated by the appearance of
diffractions peaks belong to their reflection planes such as (220), (311), (440), (422), (511),
(440), and (533). Those diffraction peaks are valid to the reference available in JCPDS card no.
11-0614 for the Fe;O, phase with a cubic spinel structure. In particular, there is an extra peak
appear on the diffraction pattern of the sample calcined at a temperature of 150°C. That peak
is a diffraction peak of the Fe;O; in the maghemite phase with the reflection plane of (115)
according to JCPDS card no. 11-0615.

R 311 E = °
@ o - remsoc (b) Py e
PO . . — 7 =250°C Lz20C
2 Gaussian Fitting
_ Gaussian Fitting
5 Fe-O Fe-O 440) 3
g Tetahedral Octahedral 3 R (coD)
-square N
.‘? .i‘ 0.98627
@ (220) (400) (511) 2
s 2
£ £

*(115) R-square (COD):

0.94279

[ LA L
20 25 30 35 40 45 50 55 60 65 70 75 80 32 33 34 35 36 37 38 39 40
20(deg) 2¢0(deg)

Figure 3. (a) Diffraction patterns of FesO4 nanoparticles and (b) Gaussian fitting for peak of (311). The
geometrical structures of the Fe-O tetrahedral and Fe-O octahedral coordination are displayed in (a).

These patterns show that diffraction of X-ray by the reflection plane of (311) has the highest
intensity. It implies that the most number of crystallite in the samples ordered along the
lattice direction of (311). The peaks are also sharp which indicates that the formation of larger
crystallites. However, the diffraction peaks of Fe3O4 (250°C) are sharper than Fe;O4 (150°C).
This is shown in Figure 3b. The FWHM of its peak (especially for (311)) is smaller. In another
hand, more noise is the appearance of the diffraction pattern of Fe3O4 (150°C). In short, Fe;O,
(250°C) has a higher degree of crystallinity than Fe3O4(150°C).

As mentioned, the particle size of Fe304(250°C) is larger than Fe;O4(150°C). By using the
Williamson-Hall method, plot sin Ou (x-axis) versus P cos Oua (y-axis) can be depicted in
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Figure 4. According to the plots, the calculated particle size is 5.39 nm and 15.96 nm,
consecutively for Fe;O4(150°C) and Fe;04(250°C) (Table 2). Higher calcination temperature
can improve the crystallinity and particle size of the nanoparticles. Their physical mechanism
can be explained as follow. Calcination facilitates the nanoparticles to experience
renucleation and recrystallization process due to a higher thermal energy supply. Some
small nuclei will be joined to produce larger nuclei. Some nucleis might be growing larger by
themself. The formation of new nuclei is followed by a densification process in which the
nanoparticles became denser. The nanoparticles became more regular [29].

0.06 0.06
7';ll =150°C pcosg= -0.000569248 sing+ 0.02544 T.= 250°C B Ccos@=0.02274 sing+ 0.00859
0.04 . 0.04 -
- * he
0024{ . . 0.02 . -5 e
)
o 0.004 % 0.00
0 0
I3 0
Q «
-0.02 -0.02 -
-0.04 -0.04 -
(a) (b)
-0.06 +———r———1——1——1——1—— 11— 11—
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
sing sing

Figure 4. The Williamson-Hall plots: (a) Fe3O4 (150°C) and (b) Fe3O4 (250°C).

Table 2. Structural parameters of Fe3O4 nanoparticles.

Cal. Temp. (°C) t (nm) ac) (A) £ (x 109
150 5.39 8.3665 -1.42
250 15.96 8.3276 56.86

Another effect on the difference in calcination temperature is a change in the lattice
parameter. The Fe;O, (150°C) has a longer lattice parameter than Fe;O, (250°C). The thermal
energy given during calcination will cause a shrinkage on the lattice parameter. Due to a
thermal energy diffusion in the nanoparticles, so that the atoms in the edge of the unit cell
change their position. During calcination, the position among atoms becomes closer as
higher thermal energy is absorbed by the nanoparticle. Atomic dislocation produces crystal
imperfection such as point defect. Those crystal imperfections produce intrinsic strain in the
lattice. The strain is typically uniform and isotropic. Since this strain will cause a broadening
of the diffraction peaks. Numerically, the lattice strain of Fe3O4 (150°C) is negative. It might
imply that the existence of compressive strain on the lattice of the nanoparticles [33].

Optical Properties:

Absorption is one of the phenomena that occurs when an electromagnetic wave interacts
with a material. The absorption of light by the material can be quantified in the form of a
physical quantity known as absorbance. The absorbance spectra of the Fe;O4 nanoparticles
can be depicted in Figure 5a. However, according to (8), the ability of the Fes;Os to absorb
light energy can be associated with the absorption coefficient. The associated absorption
coefficient versus light energy can be depicted in Figure 5b.
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{272.nm) (323 nm) (369 nm) 7 =1s0C T 7,=150°C  (336eV) (4150
cal

T, = 250°C — 71, =250°C

l

(4.56 eV)

(222 nm)
(299 nm)

(5.59 eV)

Absorbance (a.u)

(A, .= 377.02nm)}

Absorption Coefficient o.(cm™")

S P
(uaul)uuuluuuquututﬁ:cu:-:fc |4|26|1E]I|1m|3| ..... T TTT I('b')'l'"''I""'I""'I'""I""'I""'I""'I""'
200 300 40 500 60 700 goo 15 20 25 3.0 35 40 45 50 55 6.0
Photon wavelength (nm) Photon energy (eV)

Figure 5. (a) Absorbance spectra and (b) absorption coefficient of the Fe3O4 nanoparticles.

According to Figure 5a., there are three absorption peaks investigated in the absorbance
spectra of the Fe3s04(150°C). However, there are four peaks in the Fe;O4 (250°C). Those peaks
represent the absorption of light with the associated wavelength and energy by electrons for
conducting interband transitions. The most interesting of these findings that the highest
absorbance peak of the Fe;Os (250°C) occurs at a higher photon wavelength than Fe;O,
(150°C). This implies the largest energy needed by electrons of the Fe;O4 (150°C) to conduct
interband transition is higher than Fe;O, (150°C), as shown in Figure 5b. Accordingly, the
distance between two bands in the electronic structure of the Fe;Oy4 (250°C) is shorter than
Fe304 (150°C). Furthermore, the cut-off wavelength of the Fe;O4 (250°C) is higher than the
FesOs (150°C). It informs that the optical gap energy between the lowest unoccupied
conduction band and the highest occupied valence band of the Fe;O4 (250°C) is smaller than
Fe304 (150°C). These findings agree with the results reported by [29].

The particle size has a significance to influence the optical properties of the nanoparticles. In
this case, the optical gap energy is strongly affected by its particle size. As a quantum
confinement effect, larger particle size will give a smaller optical gap energy, smaller gap
between the conduction band and the valence band, as reported by [42-44]. In another hand,
lattice strain also significantly affects the absorbance of the nanoparticles. Accordingly, the
appearance of regions with a weak absorbance in the absorbance spectra of the Fe;O, (250°C)
might be caused by the lattice strain. Lattice deformation and the displacement of the atomic
position cause a change in the electronic band structure. Moreover, chemical defects and
impurity due to higher calcination temperature also influence the absorbance of the
nanoparticles [44].

The refractive index and the extinction coefficient of Fe;O4 nanoparticles can be depicted in
Figure 6. The refractive index is associated with the degree of transparency of the material.
The refractive index reveals how fast light travels through the nanoparticles. Accordingly,
the refractive index of the Fe;O4 varies with photon wavelength. Due to the absorption of
light, so that the refractive index has to be represented with a complex number. The real part
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accounts for refraction, while the imaginary part represents the attenuation of light intensity

due to absorption. The imaginary part is associated with the extinction coefficient.
3.00 . 8 -
(@) r,=150c 1 (b) — 1 =150

— T.=20¢ — 7, =250°C

2.75
2.50
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562 n

2.00 (n =2.38)
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Figure 6. (a) Refractive index and (b) extinction coefficient of the Fe3O4 nanoparticles.

According to Figure 8a., the critical refractive index of the FesO4 occurs at a wavelength of
562 nm (n = 2.38). At this point, the refractive index of those samples is the same. At a larger
wavelength, the refractive index of the Fe;Oy (250°C) goes larger than Fe;O4 (150°). In another
hand, a higher attenuation of light consistently occurs in the Fe;O, (250°C) for all wavelength
values. Specifically, the complex refractive index of the Fe;O4 at a wavelength of 632.8 nm is
provided in Table 3. These values are in agreement with the results reported by [26,45]. In
short, the lattice strain and particle size also influence the refractive index of the
nanoparticles.

Table 3. The refractive index and dielectric constant of FesO4 nanoparticles.

Calcination Temp. t (nm) n k & &
150 °C 5.39 2.187 1.683x 107 4.787 7.364 x 10°
250 °C 15.96 2642 4376 x10° 6.979  23.120x 10°

According to (13) and (14), the refractive index has a relation to the dielectric constant of the
nanoparticles. The dielectric constant of the Fe;O, can be depicted in Figure 7. Systematically,
the dielectric constant has a the same trend as the refractive index. The value of the dielectric
constant can be described by using a complex number. Both real and imaginary parts of
dielectric constant for FesO4 (250°C) are larger than Fe3O4 (150°C). At a critical wavelength of
562 nm, their real part of the dielectric constant is 5.67. A change in the dielectric constant
within the range of the photon wavelength can be attributed to a change in the polarization
due to valence states of cations Fe2* and Fe3*; and space charges polarization. From the
crystal point of view, this phenomenon can be explained as follows. The Fe2* and Fe3* cations
can make a dipole of FeZ*<Fe%. This dipole can change to be Fe3*<—Fe2* at a lower
wavelength of the photon. There happen an electronic hopping between Fe2* and Fe3*. This
hopping influences the polarization of those dipoles and finally the dielectric constant of the
nanoparticles. Clearly, in this case, the lattice strain and defect strongly determine the
formation of those dipoles and their polarization.
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Figure 7. (a) Real part and (b) imaginary part of the dielectric constant of Fe3O, nanoparticles.

As shown by (15), the dissipation factor of the nanoparticles over photon energies can be
depicted in Figure 8a. The dissipation factor increases as the energy increases. This implies
that increasing photon energy will cause more energy released as heat by the nanoparticles
[39]. Lattice defect and vacancies also contribute to the amount of energy released as heat
toward the dipole formation and their polarization.
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Figure 8. (a) Dissipation factor and (b) optical conductivity of FesO4 nanoparticles.

According to Figure 10b., the optical conductivity of the Fe3O, increases as photon energy
increasing in a region of 1.6 eV - 2.8 eV. This finding coincides with the result reported by
[26]. In these energy regions, the optical conductivity of the Fe;Oy4 (250°C) is larger than Fe;O,
(150°C). This means that the optical excitation of the electrons without the presence of an
applied electric field within the Fe;Os (250°C) occurs more massive compared to Fe;O,
(150°C). In another hand, this might be due to a larger concentration of the charge carrier
appear within the Fe;O4 (250°C).

The appearance of lattice strain due to chemical defect and vacancy in a crystalline material
influences the electronic structure of the material, such as the Fe;O4 nanoparticles. Lattice
strain probably affects the formation of additional states between the conduction band and
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the valence band. This states like a band tail for those two bands. The energy between those
band tails is represented in form of Urbach energy, as shown by (17). The Urbach energy of
the Fe;O4 can be depicted in Figure 9.
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Figure 9. Urbach energy of FesO4 nanoparticles.

Lattice strain and the particle size attribute the Urbach energy of the nanoparticles. As
shown, the Urbach energy of the Fe;O4 (250°C) is smaller than Fe3O4 (150°C). This can be
explained as follows. First, as explained that larger particle size will produce smaller optical
gap energy due to the quantum confinement effect. The Fe;O4 (250°C) has smaller optical gap
energy therefore it has smaller Urbach energy. Notice that the Urbach energy is measured as
a gap between the band tails below the conduction band and upper the valence band, as
illustrated by [46]. Second, larger lattice strain doesn’t mainly affect the values of the Urbach
energy. A material with a smaller particle size and larger lattice strain will produce larger
Urbach energy.

SPR-Based Sensor Simulation:

Simulation of the SPR phenomena was carried out using Winspall version 3.02 plasmon
simulator software. The simulation parameters are listed in Table 4. First of all, the reflection
curve of prism BK7 has been recorded with an incident angle range of 100 - 70e. This curve is
depicted in Figure 10a. The total internal reflection (TIR) phenomenon was investigated at a
critical angle of 41.67°. At this point, about 92% of the incident light experienced the TIR
phenomenon as it was set under p-polarization mode. The SPR angle was expected to be
above 41.67° because below this angle the SPR phenomenon can’t occur due to insufficient
energy supplied by the light beam. Furthermore, the reflectivity of this curve falls to near
zero at an incident angle of 33.52°. The reflectivity is about 4.88 x 10. This incident angle is a
Brewster angle, which indicates the existence of the SPR phenomenon (Figure 10b). Brewster
angle is very crucial since p-polarization mode can generate the surface plasmon [47].
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Figure 10. (a) Critical angle for TIR phenomenon and (b) the Brewster angle.

Table 4. Simulation parameters for SPR-based sensor.

Layer t (nm) Nreal k

Prims - 151 -

Au 50 0.1838 3.4313

Fe;0, (150) 5.39 2.1879 1.6830 x 107
Fe;0,4 (250) 15.96 2.6418 43757 x 10°°
Air - 1 -

According to Table 3., in this simulation, we have three systems, e.g., Prims/Au/Air;
Prims/Au/Fe3O4 (150°C)/ Air; and Prism/Au/Fe3O4 (250°C)/Air (Table 5). The reflectance
curve for Prims/Au/ Air system can be depicted in Figure 11a. Here, a strong signal of about
85.9% of the light energy was used to excite the surface plasmon wave under the p-polarized
light beam. The sensor showed a positive response of about 2.8% at an incident angle of
44.07°. By using Lorentz fitting, so the FWHM value of the reflectance curve (dip) for this
system is about 0.98° + 0.05°.

The addition of the Fe3O4 (150°C) and Fe;O4 (250°C) on the gold layer influences the response
of the SPR-sensor. As provided in Table 3., the thickness of the Fe;O4 layer was assumed
approach to their particle size. It means there only one layer nanoparticles deposited on the
gold layer. In short, this was conducted for a reason to investigate the effect of the Fe;O,
particles size on the SPR-sensor response. According to Figure 11b., for an addition of the
Fe304 (150°C), about 85.94% of the incident light was excited as a surface plasmon wave.
Meanwhile, about 85.69% of the incident light was excited as a surface plasmon wave for an
addition of the Fe3O4 (250°C). The FWHM of the reflectance curve for the Fe3O4 (250°C) is
larger than Fe;O4 (1500).

The excitation of the surface plasmon wave occurred at an incident angle of 42.56° and 44.67°,
consecutively for the Fe3O; (150°C) and Fe;O4 (250°C). The resonance between the surface
plasmon wave and the evanescent wave occurred at an incident angle of 45.28° and 54.02¢,
consecutively for the Fe;O, (150°C) and Fe3O4 (250°C). The associated reflectivity for those
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resonance angles is 0.006 and 0.004. It shows that the SPR-angle shifting. There is only 0.4%
of the incident light energy reflected when the resonance occurred in the system of
Prism/Au/Fe;Oy (250°C)/Air. It is smaller compared with the system of Prism/Au/Fe;O4
(150°C)/ Air. The FWHM value was increased from 1.34¢ + 0.08° to 5.53° + 0.43e.
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Figure 11. (a) SPR-curve of Prism/Au/Air system and (b) SPR-curves for systems of
Prims/ Au/Fe304 (150°)/ Air and Prims/ Au/Fe304(250°C) / Air.

Table 5. SPR-angles, reflectivity, and the FWHM of the reflection curve.

System 0 ()  R(au) FWHM (°)

Prims/Au/Air 44.07 0.028 0.98 £0.05
Prism/Au/Fez04(150)/Air 45.28 0.006 1.34 +0.08
Prism/Au/Fe;04(250)/Air 54.02 0.004 5.53+0.43

Those phenomena can be explained as follows. First, shifting the SPR-angle to a larger value
is attributed to an increase of the refractive index of the FesOs. As provided in Table 3, the
refractive index of the Fe;O4 (250°C) is larger than FesO4 (150°C). It justifies that by enhancing
the refractive index of the system, so the SPR-sensor signal becomes stronger.

The refractive index of the system can be used to amplify the SPR-signal. Second, the larger
width (FWHM) of the resonance curve for Prism/Au/Fe;Os (250°C)/Air compared to
Prism/Au/Fe304 (150°C)/Air is attributed to the complex value of the metal’s dielectric
constant. The complex dielectric constant of FesO, (250°C) is larger than Fes;Os (150°C).
Mainly, a larger imaginary part of the dielectric constant will produce a larger FWHM of the
resonance curve. Moreover, the real part of the dielectric constant determines the position of
the SPR-angle. It is a consequence of (13).

Conclusion

This research has been investigated the effect of particle size and lattice strain on the optical
properties of the Fe3Os nanoparticle and their potential application in SPR-sensor. The
particle size of the nanoparticle has been successfully controlled by using calcination
temperatures of 150°C and 250°C. Major results of this work show that larger particle size
implicate to a larger refractive index and complex dielectric constant, but smaller optical gap

38



Indonesian Physical Review. 4(1): 23 - 42

energy and the Urbach energy of the Fe;Os. However, the lattice strain due to chemical defect
and vacancy directly affect the band structure of the nanoparticles which implicates all
optical parameters. Furthermore, a simulation of SPR-sensor has been successfully carried
out. The most interesting findings show that the optical properties of the Fe;O, strongly
affect the SPR phenomena.

The Fe;O4 nanoparticle with a larger refractive index and real part of the dielectric constant
will produce a larger SPR-angle shift. The imaginary part of the dielectric constant
contributes to the resonance curve width. In short, controlling the particle size and
minimizing the lattice strain of the Fe;Os will allow us to boost their performance as a signal
amplifier in the SPR-sensor. Future works are available for investigating the particle size,
lattice strain, and the optical properties of the FesOs by using advanced characterization
techniques for providing deeper scientific facts.
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